Various investigations have been conducted describing a number of possible Salmonella factors that may contribute to the diarrhea associated with gastroenteritis. One proposed mechanism is related to the ability of Salmonella to invade the intestinal epithelium during the course of the disease. Giannella et al. (7) reported that live Salmonella evoked fluid secretion in the ligated rabbit ileum and that the fluid response could not be induced by Salmonella culture filtrates or concentrates. Although fluid exsorption was demonstrated to accompany mucosal invasion, not all strains of invasive Salmonella tested by the authors caused fluid secretion. Later investigations by Giannella et al. (8) revealed a possible role of adenylate cyclase, and it was theorized that the adenylate cyclase activation was due to the local synthesis of prostaglandins induced by the mucosal inflammatory response resulting from the invading Sal- monella.
An additional factor that might be involved in Salmonella gastroenteritis has been described by Sandefur and Peterson (16) . They described a heat-labile factor that produced a delayed skin permeability reaction in rabbits, which was identical to the skin reaction evoked by Vibrio cholerae enterotoxin. In an additional study, Sandefur and Peterson (17) investigated the action of the delayed permeability factor in Chinese hamster ovary tissue culture cells. They found that the Salmonella toxin-induced, cellularelongation effect on the Chinese hamster ovary cells was similar to that produced by cholera enterotoxin and that it was neutralized by cholera antitoxin. No intestinal secretory activity was demonstrated, but its similarities to cholera enterotoxin indicated that it might play an active role in Salmonella gastroenteritis.
Evidence for a protein enterotoxin associated with the outer membrane of Salmonella was reported by Koupal and Deibel (13) when suckling mice were used for the assay of enterotoxin. Presumably, this factor is identical to the one reported currently.
The purpose of this investigation was to define cultural conditions for the production of the toxin and to investigate methods of purification.
MATERIALS AND METHODS Media. A series of complex media was prepared by adding different carbon and nitrogen sources to a basal salts solution. The basal salts solution was composed of 50 mM K2HPO4, 203 yM MgSO4, 25 ,uM MnCl2 4H20, and 30 /iM FeSO4 7H20; pH 7.4. The media were prepared by autoclaving the basal salts solution containing either 2% vitamin-free Casamino Acid&s, 2% casitone, 2% peptone, 2% proteose peptone, 2% soytone, 2% tryptone, or 2% thiotone. Brain heart infusion broth (BHI, Difco Laboratories) was also utilized as a growth medium.
A synthetic amino acids medium as originally described by Alderete and Robertson (1) for the production of heat-stable Escherichia coli enterotoxin was slightly modified by aseptically adding a 10-fold concentration of sterile amino acids (pH 7.4) to sterile basal salts solution. The final concentration of the amino acids was: proline, 12.37 mM; aspartate, 6.57 mM; alanine,, 4 .40 mM; and serine, 6.23 mM.
Salmonella were also grown in a glucose-salts medium in which glucose was the sole carbon source. This medium was essentially the synthetic medium designed by Neidhart et (20) .
Animal assay. The rabbit ileal loop procedure utilized in this study has been described elsewhere (18) . A mucolytic wash solution containing 0.5% Nacetyl-L-cysteine was used to rinse the intestine before testing. After rinsing with this wash solution, the intestine was additionally rinsed with 50 ml of Ringer solution or phosphate-buffered saline (pH 7.4) to clean the intestine thoroughly.
RESULTS
Production of enterotoxin in different media. Eight different complex and two synthetic media were tested in an effort to identify which media promoted the production of enterotoxin when S. typhimurium was grown aerobically. Culture filtrates from these media were tested in a total of 50 rabbits. Each animal contained a positive control consisting of the Salmonella whole culture grown in BHI and a negative control consisting either of uninoculated media, phosphate-buffered saline, or Ringer solution. Only the data from the 45 rabbits that responded appropriately to the controls were recorded.
The Salmonella grew well in all media; however, the presence of enterotoxin was not detected in every culture filtrate tested (Table 1) . Enterotoxic activity was observed in filtrates from cultures grown in both BHI and 2% Casamino Acids media. These two media appeared superior in their ability to promote the elaboration of enterotoxin. No significant activity was observed in filtrates derived from Salmonella cultures grown in 2% casitone, peptone, or proteose-peptone media. The final cell mass in the BHI and Casamino Acids cultures was about Stability of Salmonella enterotoxin. The toxin was examined for its stability under different storage conditions. A mid-stationary-phase culture was grown in a fermentor containing the glucose-salts medium (32 mM glucose). The culture was harvested, the supernatant fluid was filter sterilized, and 10-ml samples were dispensed in screw-capped test tubes. The samples were stored at room temperature, 4°C, and -20°C. At various times, samples were removed and examined for enterotoxic activity.
A total of 8 rabbits was used, each sample being tested after 5, 7, and 21 days of storage. The ileal loop ratios observed were equivalent throughout the 3-week period; consequently, the data were grouped for each storage condition. The results of these tests showed that the toxin is stable to low temperatures; however, some decrease in activity was observed when the preparation was frozen (Table 2 ). This decrease appeared to occur more as a result of the storage condition itself, rather than as a function of the time of storage, since the frozen samples were as active after 3 weeks as after 5 days of storage. Subsequent studies revealed that the enterotoxin also withstands lyophilization, and indeed this appears to be the preferred method of stor- concentrated 100-fold by ultrafiltration with a PM30 membrane. The PM30 filtrate contained some enterotoxin when concentrated 100-fold with a UM2 membrane; however, the activity rapidly diminihed when samples of the UM2 retentate were diluted in phosphate-buffered saline. The PM30 retentate contained most of the enterotoxic activity, and the fractionating ability of this membrane made the initial ultrafiltration a worthwhile step in obtaining crude enterotoxin.
The PM30 concentrate was chromatographed with a Sephadex G-100 column, and selected fractions were assayed for enterotoxic activity. The resulting data were grouped into five major areas (A through E) according to the column elution pattern (Fig. 1) . The results indicated that the majority of enterotoxin was eluted in and adjacent to the void volume of the column (i.e., groups A and B). The fractions in group C also contained some activity, but this diminished rapidly as the elution of the column progressed.
The fractions from groups A and B were pooled, concentrated, and further fractionated by using DEAE column chromatography. When this column was washed with equilibration buffer, a single large peak of protein that did not adhere was eluted (Fig. 2) . Although this protein peak (group A) was found to contain some enterotoxic activity, the majority of the activity was eluted with 0.1 M NaCl and continued to be eluted until a concentration of 0.28 M NaCl was reached (groups C and D). The amount of enterotoxin eluted in the wash fraction was consistent regardless of the amount of G-100 concentrate that was applied to the DEAE column. This appeared to eliminate the possible saturation of the column by enterotoxin.
The active fractions from groups C and D (Fig. 2) of the DEAE column were pooled and concentrated, and the enterotoxic activity was compared with that in the original PM30 retentate as well as with the activity in the concentrated G-100 fractions (groups A and B; Fig. 1 (18), we examined the production of the toxin in both complex and defined media. The results demonstrated that strain PHL 67342 elaborated enterotoxin in various types of media. The average fluid accumulation in the rabbit ileal loop was greatest when culture filtrates from BHI and Casamino Acids media were tested; however, not all complex media exhibited an equivalent ability to promote the production of enterotoxin.
The exact reasons for these variations are unknown; however, they might be related to growth rate, cell yield, or a nutrient-limiting situation. That enterotoxin was observed in culture filtrates from Salmonella grown in a glucose-salts medium indicates that a nutritional requirement may not be the reason for the variation in production in complex media. Similar variability with regard to production of a rapidacting permeability factor (PF) produced by Salmonella in different media was observed by Sandefur and Peterson (16) . Optimal production of the PF factor was found to occur in BHI; however, low concentrations were detected also in the semisynthetic media that were tested.
Salmonella enterotoxin was found to be produced in a defined amino acid medium similar to that reported by Alderete and Robertson (1) for the production of E. coli heat-stable enterotoxin (ST). These authors later reported (2) that the presence of glucose in defined culture media repressed the synthesis of E. coli ST presumably as a result of catabolite repression. We observed no glucose-induced catabolite repression with the production of Salmonella enterotoxin. However, when the glucose-salts culture filtrates are compared to the filtrates from the defined amino acids-, Casamino Acids-, and BHI-grown cultures, lower average ileal loop ratios were observed. The lower enterotoxin yield in the glucose-salts medium could be due to overall poorer growth conditions rather than to the presence of glucose in the medium. There also exists the possibility that a slightly alkaline medium is more favorable for enterotoxin production or its release into the culture medium, as has been reported with V. cholerae (3) and E. coli heatlabile toxin (5) . The comparison of Salmonella enterotoxin concentrations in the various media tested in this study are based upon the response of the ligated rabbit small intestine to exposure with the toxin. The rabbit ileal loop assay is variable in its response to E. coli enterotoxins (15, 19) , and this same circumstance was observed with Salmonella enterotoxin. The variability of the assay must be taken into consideration when making comparisons of the Salmonella enterotoxic activity produced in various culture media.
Because of the apparent inability of the G-100 column to chromatograph the enterotoxic activity within a narrow range, no molecular weight estimation was made. Further experimental evidence of the heterogeneity of the Salmonella enterotoxin was gained from the fact that some enterotoxic activity passed through a PM30 membrane. However, the passage of activity through this membrane was slight, and it could have been due to the inability of the PM30 membrane to retain some of the smaller molecular forms at the pressure used (30 lb/in2). Elution of the enterotoxin from DEAE also supported the concept of molecular heterogeneity, since some of the activity did not adhere to the column and, when eluted, it required a 0.18 M change in the NaCl concentration (i.e., a sharp peak of activity was not observed).
It is unknown at this time why the enterotoxin exhibits a broad elution range on G-100 and DEAE. It might be possible that some of the enterotoxin was complexed either with itself or with lipopolysaccharide as suggested earlier (13) . However, chromatography of crude Salmonella enterotoxin on Sephadex G-100 in the presence of a high ionic buffer (10 mM Tris-1 mM EDTA-0.15 M NaCl, pH 7.5) did not alter the elution pattern (data not shown). Previous reports regarding the enteropathogenic E. coli enterotoxins described various molecular weights for both heat-labile (4, 6, 11) and heat-stable (4, (9) (10) (11) forms, indicating that some heterogeneity also exists with these toxins. Also, a previous report of an enterotoxin produced by Salmo-VOL. 20, 1978 on October 18, 2017 by guest http://iai.asm.org/ nella enteritidis (13) indicated that the enterotoxin of this strain was of sufficient size to be eluted in the void volume of Sephadex G-200 and was of sufficient density to sediment with the heavy membrane of Salmonella when applied to a sucrose gradient. Although the S. enteritidis enterotoxin was assayed by the suckling mouse method, the enterotoxic activity of this strain was verified with the rabbit ileal loop model (unpublished data).
Recently, Sandefur and Peterson have reported the presence of other factors produced by Salmonella species (16) . They discovered that S. typhimurium, when grown in complex media, produced two distinct skin permeability factors. One type manifested itself immediately upon injection into the skin of rabbits (rapid PF), and the other type did not exhibit a maximum response until 18 to 24 h postinjection (delayed PF). The delayed PF was described as undetectable in a culture medium until the preparation was concentrated and chromatographed on a Sephadex G-100 column. Both rapid and delayed PF were found to be eluted adjacent to the void volume of a G-100 column. Later observations by Sandefur and Peterson (17) revealed that alteration of the column flow rate partially resolved the two permeability factors. The elution pattern of the delayed PF resembled the elution pattern obtained by us with Salmonella enterotoxin; however, enterotoxic activity exhibited a more gradual but constant decrease after elution of the void volume. This is in slight contrast to the elution of delayed PF as described by Sandefur and Peterson, since they demonstrated very strong skin permeability activity being chromatographed after elution of the void volume. It is possible that the Salmonella enterotoxin described in this study is the same compound as the permeability factor(s) described by Sandefur and Peterson; however, additional research must be conducted to determine whether any correlation exists.
